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ABSTRACT Fyn, a member of the Src-family protein-
tyrosine kinase (PTK), is implicated in learning and memory
that involves N-methyl-D-aspartate (NMDA) receptor func-
tion. In this study, we examined how Fyn participates in
synaptic plasticity by analyzing the physical and functional
interaction between Fyn and NMDA receptors. Results showed
that tyrosine phosphorylation of NR2A, one of the NMDA
receptor subunits, was reduced in fyn-mutant mice. NR2A was
tyrosine-phosphorylated in 293T cells when coexpressed with
Fyn. Therefore, NR2A would be a substrate for Fyn in vivo.
Results also showed that PSD-95, which directly binds to and
coclusters with NMDA receptors, promotes Fyn-mediated
tyrosine phosphorylation of NR2A. Different regions of
PSD-95 associated with NR2A and Fyn, respectively, and so
PSD-95 could mediate complex formation of Fyn with NR2A.
PSD-95 also associated with other Src-family PTKs, Src, Yes,
and Lyn. These results suggest that PSD-95 is critical for
regulation of NMDA receptor activity by Fyn and other
Src-family PTKs, serving as a molecular scaffold for anchor-
ing these PTKs to NR2A.

The N-methyl-D-aspartate (NMDA) receptor channel is es-
sential for multiple functions of glutamate neurotransmission
including those involved in learning, memory, and brain
development (1, 2). NMDA receptors consist of two distinct
types of subunits: NMDAR1 (NR1) and NMDAR2A–2D
(NR2A–2D) (1, 2). NMDA channel activity is dynamically
regulated by modulation of both intracellular and extracellular
sites (3). Protein–tyrosine phosphorylation also regulates
NMDA receptor activity (3–6), like those of other ion channels
(7). Namely, NMDA receptor-mediated currents are potenti-
ated by tyrosine kinases and suppressed by tyrosine phospha-
tases. One to two percent of the receptor subunits NR2A and
NR2B are tyrosine-phosphorylated in the brain (8, 9). More-
over, tyrosine phosphorylation of NMDA receptor subunits is
increased during long-term potentiation (LTP) and taste
learning (10–12). These findings suggest that tyrosine phos-
phorylation of NMDA receptors is involved in modulation of
neuronal functions. However, the molecular mechanisms by
which NMDA receptors are tyrosine-phosphorylated are un-
known.

Fyn is a member of the Src family of nonreceptor protein–
tyrosine kinases (PTKs). The physiological importance of Fyn
in the nervous system has been suggested by analyses of
fyn-mutant mice. These mutant mice showed various neural
defects including defective LTP, impaired spatial memory,
uncoordinated hippocampal structure, increased fearfulness,
impaired myelination, and ethanol sensitivity (13–18). These
multiple effects of Fyn deficiency in the brain indicate that Fyn

is involved in several neuronal signaling pathways (17, 19, 20).
Because Src is activated during hippocampal LTP induction
(6), involvement of other Src-family PTKs in synaptic plasticity
is also suggested. However, little is understood about the
molecular mechanisms by which these PTKs participate in
synaptic plasticity.

Recently, the PSD-95 (postsynaptic density-95, also named
SAP90, synapse-associated protein-90) subfamily of the mem-
brane-associated guanylate kinase proteins has been impli-
cated in clustering and targeting of NMDA receptors (21, 22).
There are four members of the PSD-95 family in mammals:
PSD-95, SAP97yhDlg, chapsyn-110yPSD-93, and SAP102 (21,
22). PSD-95 consists of three PDZ (PSD-95yDlgyZO-1) do-
mains, an SH3 (Src Homology 3) domain, and a carboxy-
terminal guanylate kinase domain (21). Direct binding of
PSD-95 to NR2 subunits requires the two amino-terminal PDZ
domains of PSD-95 and the conserved motif (-ESXV) at the
carboxy terminus of NR2 subunits (23, 24). NMDA receptors
and PSD-95 cocluster in cotransfected cells (25). Furthermore,
both proteins are colocalized in primary neurons (23). The
molecules involved in regulation of the receptor function
appear to be recruited to the proximity of the receptor at
synapses.

In this report, we show that Fyn is involved in tyrosine
phosphorylation of the NMDA receptor subunit NR2A and
that PSD-95 is important for the tyrosine phosphorylation
event.

MATERIALS AND METHODS

Cells, Antibodies, and Reagents. Human embryonic kidney
293T cells were maintained in DMEMy10% fetal bovine
serum. Cell culture was performed at 37°C under 5% CO2.
Anti-NR2A mAb was raised against the carboxy-terminal
cytoplasmic region of NR2A. This antibody recognized a
180-kDa protein present in NR2A-expressing 293T cells, but
not in parental cells, and was used as otherwise indicated.
Anti-Src mAb was a gift from Y. Fukui (University of Tokyo).
Anti-Fyn, anti-Lyn, and anti-Yes mAbs were purchased from
Wako Biochemicals (Osaka) (17). Antiinfluenza hemaggluti-
nin (HA) mAb (12CA5) was from Boehringer Mannheim.
Rabbit anti-Fyn and goat anti-NR2A polyclonal antibodies
were from Santa Cruz Biotechnology. Rabbit anti-NR1 and
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anti-NR2B polyclonal antibody were from Chemicon. Biotin-
ylated antiphosphotyrosine mAb 4G10 was from Upstate
Biotechnology (Lake Placid, NY). Rabbit anti-PSD-95 poly-
clonal antibody was produced and purified as described (26).
Pefabloc SC, a serine protease inhibitor, was from Merck.
(1)-MK-801, an NMDA receptor antagonist, was from Re-
search Biochemicals.

DNA Constructs. The cDNAs encoding NR2A (2) and
PSD-95 (26) were subcloned into an SRa-driven mammalian
expression vector, pME18S (27). For epitope-tagging of NR1,
NR1 cDNA (1) was inserted in-frame with the oligonucleo-
tides encoding an HA-epitope-containing sequence DYPYD-
VPDYASLV at HincII site that encoded amino acid residues
27 and 28. The resultant cDNA, HA-NR1, was subcloned to
pME18S. Plasmids encoding FynR176K mutant and PSD-95
mutants, with carboxy-terminal or internal deletions, were
generated by the method of Kunkel (28) and endonuclease
digestion. These cDNAs were then cloned into pME18S or its
derivative, pME18SM (27). For MBP (maltose-binding pro-
tein)-fusion protein production, the fyn cDNA fragments
encoding SH3-SH2-linker (T82 to R268), SH3 (T82 to E148),
SH2-linker (D142 to R268), SH2 (W149 to C246), and SH2
(W149 to C246) with R176K mutations were cloned in-frame
into the pMAL-c plasmid (NEB, Beverly, MA) (29). The
constructs were verified by DNA sequencing. The expression
plasmids pME-Fyn, -FynY531F, -FynK299M, and -LynY508F
have been described (27, 30).

Transient Cell Transfection. 293T cells (1.5 3 106) were
transfected with combinations of expression plasmids (5 mg
each) by the standard calcium phosphate method. The amount
of DNA transfected was adjusted in each experiment by using
a control expression vector, pME18SM. When HA-NR1 and
NR2A were coexpressed, (1)-MK-801 (10 mM) was added to
the media to prevent glutamate-induced cell death. Two days
after transfection, cells were collected for protein extraction.

Preparation of Lysates and Immunoprecipitation. For prep-
aration of cell membrane fractions, cells were washed with PBS
and then suspended in 1 ml of hypotonic buffer A (10 mM
Hepes-NaOH, pH 7.4y10 mM NaCly1.5 mM MgCl2y0.2 mM
Na3VO4y0.5 mM DTTy0.1 mM Pefabloc SC with aprotinin at
50 unitsyml). The cells were kept on ice for 15 min, then
homogenized in a Dounce homogenizer with a tightly fitting
pestle. Nuclei were separated by centrifugation at 400 3 g for
5 min. The supernatant (800 ml) was mixed with one-tenth vol
of buffer B (0.3 M Hepes-NaOH, pH 7.4y1.4 M NaCly30 mM
MgCl2), and centrifuged at 100,000 3 g for 20 min. The
resultant pellet (membrane fraction) was lysed in 1 ml of TNE
buffer [1% (wtyvol) Nonidet P-40y50 mM TriszHCl, pH
8.0y120 mM NaCly5 mM EDTAy0.2 mM Na3VO4 with apro-
tinin at 50 unitsyml]. Typically, 800 ml of lysates were used for
immunoprecipitation. For preparation of whole-cell lysates of
telencephalons, samples were homogenized in 0.2 vol. (mlyg
tissue) of RIPA buffer [1% (wtyvol) Nonidet P-40y0.1%
sodium deoxycholatey50 mM TriszHCl, pH 8.0y120 mM
NaCly5 mM EDTAy0.2 mM Na3VO4 with aprotinin at 50
unitsyml] containing 0.5% SDS. The lysates were boiled for 5
min and diluted with 4 vol of RIPA buffer. Synaptosomes of
mouse brains, isolated essentially as described (31), were lysed
in TNE buffer. For immunoprecipitation, lysates were cleared
by centrifugation with an excess amount of Protein G Sepha-
rose (Pharmacia) and then incubated with 2–5 mg of an
appropriate antibody on ice for 1 hr. Immune complexes were
collected on Protein G Sepharose (15 ml) and washed five
times with lysis buffer. For experiments with MBP fusion
protein, MBP fusion proteins were produced in Escherichia
coli DH5a and purified basically as recommended in the
manufacturer’s protocol (NEB). Parental or PSD-95-
expressing 293T cells were lysed in TNE buffer, and the cleared
lysates were incubated at 4°C for 4 hr with 5 mg of MBP-fusion

protein immobilized on amylose resin. Bound proteins were
separated by centrifugation and washed with TNE buffer.

Immunoblotting. Immunoprecipitates or lysates were re-
solved by SDSy7.5% PAGE and transferred to polyvinylidene
difluoride membranes (Bio-Rad). Then the membranes were
blocked and probed with appropriate antibodies (32). To test
for phosphotyrosine, the membranes were probed with bio-
tinylated 4G10 and then incubated with horseradish peroxi-
dase-conjugated streptavidin (Amersham).

RESULTS

Reduced Tyrosine Phosphorylation of NR2A in fyn-
Deficient Mice. Recent studies have shown that Src-family
PTKs potentiate both the NMDA channel in primary culture
and the recombinant NR1yNR2A channel (4–6). Because
fyn-mutant mice show defects in NMDA receptor-dependent
LTP and spatial memory (13), we examined whether tyrosine
phosphorylation of NR2A was affected in the mutant mice.
NR2A was immunoprecipitated from lysates of the telenceph-
alons of wild-type and fyn-mutant mice (14–18), which were
boiled to dissociate the NMDA receptor subunits. Results
showed that the level of tyrosine-phosphorylation of NR2A in
fyn-mutant mice was significantly reduced, but not eliminated,
compared with that of wild-type mice (Fig. 1Aa). The amounts
of NR2A in these mice were similar (Fig. 1Ab). Because
NR2B, another NMDA receptor subunit with a similar mo-
lecular weight to that of NR2A, is also tyrosine-phosphory-
lated in the brain (9), we examined whether it was coprecipi-
tated in NR2A immunoprecipitates. As shown in Fig. 1B, little
NR2B was present in NR2A immunoprecipitates from boiled
brain lysates. These results showed that Fyn contributed
significantly to tyrosine phosphorylation of NR2A. The resid-
ual tyrosine phosphorylation of NR2A in fyn-mutant mice
would be caused by other members of the Src-family PTKs or
other types of PTKs.

Promotion of Fyn-Mediated Tyrosine Phosphorylation of
NR2A by PSD-95. To show that Fyn is involved in tyrosine
phosphorylation of NR2A, we transfected 293T cells with the
expression plasmid of NR2A alone or together with that of
FynY531F [an active form of Fyn (27)]. The anti-NR2A
immunoprecipitates from lysates of the membrane fractions of
the cells were probed with antiphosphotyrosine (PY) antibody.
As shown in Fig. 2, tyrosine phosphorylation of NR2A was

FIG. 1. Reduced tyrosine phosphorylation of NR2A in fyn-
deficient mice. (A) Telencephalons from wild-type (wt) or fyn-mutant
( fyn) mice were homogenized and boiled in RIPAy0.5% SDS buffer
and then diluted with 4 vol of RIPA buffer. The lysates were
immunoprecipitated (IP) with goat anti-NR2A antibody and the
immunoprecipitates were subjected to immunoblotting (Blot) with the
antiphosphotyrosine (PY) antibody 4G10 (a). The filter used in a was
stripped, blocked, and reprobed with goat anti-NR2A (b). (B) Lysates
of telencephalons from wild-type mice were immunoprecipitated with
goat anti-NR2A and anti-NR2B. The immunoprecipitates were
probed with anti-NR2B (b). All experiments were performed more
than three times. Positions and sizes (kDa) of standard protein
markers are indicated. The positions of NR2A (180 kDa) and NR2B
(180 kDa) are indicated by arrowheads.
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induced by the presence of Fyn. Because members of the
PSD-95 family bind to and cluster with NMDA receptors (21),
we examined the effect of PSD-95 on tyrosine phosphorylation
of NR2A by Fyn. Membrane lysates were prepared from 293T
cells transfected with various combinations of expression
plasmids of NR2A, PSD-95, and FynY531F. Immunoblotting
of NR2A immunoprecipitates from the lysates with anti-PY
antibody revealed that tyrosine phosphorylation of NR2A was
significantly increased in the presence of PSD-95 (Fig. 2A,
lanes 2 and 3). Coexpression of PSD-95 also resulted in
enhanced tyrosine phosphorylation of NR2A by LynY508F, an
active form of another Src-family PTK Lyn (Fig. 2 A, lanes 5
and 6). To elucidate whether PSD-95 also promotes tyrosine
phosphorylation of NR2A in the functional NMDA receptors
(NR1yNR2A), we coexpressed epitope HA-tagged NR1,
NR2A, PSD-95, and FynY531F in 293T cells. From the lysates
of the cells, NR2A that formed complex with NR1 was
immunoprecipitated with anti-HA antibody. Immunoblotting
of the HA immunoprecipitates with anti-PY antibody showed
that PSD-95 promoted Fyn-mediated tyrosine phosphoryla-
tion of NR2A in the presence of NR1 (Fig. 2Ba). These data
suggest that PSD-95 is important for tyrosine phosphorylation
of functional NMDA receptors.

PSD-95-Mediated Complex Formation Between Fyn and
NR2A. To determine how PSD-95 promotes Fyn-mediated
tyrosine phosphorylation of NR2A, we first tested whether
PSD-95 increases the kinase activity of Fyn. Fyn was immu-
noprecipitated from lysates of 293T cells expressing Fyn
andyor PSD-95, and the immunoprecipitates were subjected to
immune complex kinase assay with the exogenous substrate
enolase (17). The activity of Fyn to autophosphorylate and
phosphorylate enolase was not affected by the presence of
PSD-95 (data not shown). Next, we examined whether PSD-95
promotes interaction of Fyn with NR2A. 293T cells were
transfected with expression plasmids of NR2A, PSD-95,
andyor Fyn, and then lysates were prepared from the mem-
brane fractions of the cells. Fyn immunoprecipitates from the
lysates were probed with anti-PSD-95 or anti-NR2A antibody.
PSD-95 was coprecipitated with Fyn only when both proteins
were expressed (Fig. 3Aa). Conversely, Fyn was present in
PSD-95 immunoprecipitates (Fig. 3Ba), supporting the idea
that PSD-95 associated with Fyn when the two are coexpressed
in heterologous cells. Furthermore, NR2A was coimmunopre-

cipitated with Fyn only in the presence of PSD-95 (Fig. 3Ab,
lanes 2 and 4). These results showed that PSD-95 induced
formation of a ternary complex of NR2A, PSD-95, and Fyn.
The finding also suggests that NR2A and Fyn respectively bind
to distinct regions of PSD-95. In similar experiments, we found
that PSD-95 could associate with Lyn but not with CAKby
Pyk2, another type of nonreceptor PTKs (data not shown),
suggesting that physical interaction of PSD-95 with the Src-
family PTKs is important in promoting tyrosine phosphory-
lation of NR2A. To demonstrate that PSD-95 associates with
Fyn in brain synapses, we prepared synaptosomes of wild-type
and fyn-mutant mice for coimmunoprecipitation experiments.

FIG. 2. Promotion of Fyn-mediated tyrosine phosphorylation of NR2A by PSD-95. (A) 293T cells were transfected with combinations of
expression plasmids of NR2A, PSD-95, FynY531F, and LynY508F. Membrane fractions of the cells were lysed in TNE buffer. NR2A was
immunoprecipitated (IP) and subjected to immunoblotting (Blot) with anti-PY antibody 4G10 (a). The filter used in a was reprobed with anti-NR2A.
The doublet bands in the lane 5 and 6 may be caused by degradation of NR2A (b). The expression levels of PSD-95, FynY531F, and LynY508F
were confirmed by immunoblotting (c). (B) 293T cells were transfected with combinations of expression plasmids of NR2A, HA-tagged NR1,
PSD-95, and FynY531F. NR2A that formed complex with HA-NR1 was immunoprecipitated (IP) with anti-HA antibody and the HA
immunoprecipitates were subjected to immunoblotting (Blot) with anti-PY antibody 4G10 (a). The filter used in a was reprobed with anti-NR2A
(b Upper) and anti-NR1 (b Lower) to confirm the amounts of the proteins. The expression levels of PSD-95 and FynY531F were confirmed by
immunoblotting (c). All experiments were performed more than four times. Positions and sizes (kDa) of standard protein markers are indicated.
The positions of NR2A, HA-NR1 (120 kDa), PSD-95 (95 kDa), FynY531F (59 kDa), and LynY508F (56 kDa) are indicated by arrowheads.

FIG. 3. PSD-95-mediated complex formation between Fyn and
NR2A. 293T cells were transfected with combinations of expression
plasmids of NR2A, PSD-95, and Fyn. Membrane fractions of the cells
were lysed in TNE buffer. (A) Fyn immunoprecipitates (IP) from the
lysates were subjected to immunoblotting (Blot) with anti-PSD-95 (a),
and anti-NR2A (b). The expression levels of NR2A, PSD-95, and Fyn
were confirmed by immunoblotting (c). (B) PSD-95 immunoprecipi-
tates were probed with anti-Fyn (a). The expression levels of PSD-95
and Fyn were confirmed by immunoblotting (b). All experiments were
performed three times. Positions and sizes (kDa) of standard protein
markers are indicated. The positions of NR2A, PSD-95, and Fyn are
indicated by arrowheads. The position of the heavy chain of anti-
PSD-95 antibody is indicated by a dot.
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PSD-95 was coimmunoprecipitated with Fyn from the lysates
of wild-type mice, but not from those of mutant mice (Fig. 4A).
The amounts of PSD-95 in the lysates and in NR2A immuno-
precipitates of wild-type mice and fyn-mutant mice were
virtually the same. These results support physical interaction of
PSD-95 with Fyn in the brain. As shown in Fig. 4B, PSD-95 also
associated with other members of the Src-family PTKs (Src,
Yes, and Lyn).

Association of NR2A and Fyn with Distinct Regions of
PSD-95. To identify the regions of Fyn that interact with
PSD-95, various regions of Fyn were produced as bacterial
fusion proteins with MBP. The MBP fusion protein immobi-
lized on amylose resin was incubated with lysates of parental
or PSD-95-expressing 293T cells, and then the amounts of
PSD-95 bound to the fusion protein were examined (Fig. 5A).
PSD-95 selectively bound to MBPyFyn-SH2 but not to MBPy
Fyn-SH3, showing that the SH2 domain of Fyn was involved in
the interaction with PSD-95. Moreover, compared with MBPy
Fyn-SH2, MBPyFyn-SH3-SH2-linker and MBPyFyn-SH2-
linker comparably bound to PSD-95. Therefore, the SH3 and
the linker region between the SH2 and kinase domain of Fyn
were dispensable for the interaction with PSD-95. As the SH2
domain recognizes phosphotyrosine-containing peptide se-
quences (33), we examined whether association of PSD-95 with
Fyn depends on tyrosine phosphorylation of PSD-95 by Fyn.
As shown in Fig. 5B, a Fyn kinase-dead mutant FynK299M and
a Fyn SH2 mutant FynR176K, in which the arginine residue
critical for interaction with phosphotyrosine was mutated to
lysine, could associate with PSD-95. Furthermore, the amount
of PSD-95 bound to MBPyFyn-mutant SH2 was comparable to
that bound to MBPyFyn-wild-type SH2 (Fig. 5A). Therefore,
tyrosine phosphorylation of PSD-95 is not required for its
interaction with Fyn. Then, to determine the region of PSD-95
that is involved in association with Fyn, we constructed a series
of carboxy-terminal and internal deletion mutants of PSD-95
(Fig. 6A). These mutants were coexpressed with Fyn in 293T
cells, and then their association was examined by coimmuno-
precipitation experiments. The PSD-95 mutant DSG associ-
ated with Fyn (Fig. 6B). The Da mutant also associated with
Fyn (Fig. 6C, lane 4), but not with NR2A (data not shown).
This finding is consistent with previous data obtained from in
vitro and yeast two-hybrid studies (23, 24). However, the Db
mutant, which carries a deletion of 177 amino acids including
the PDZ3 domain, did not associate with Fyn (Fig. 6C, lane 5).
This mutant could bind to NR2A (data not shown), showing
that NR2A and Fyn associated with distinct regions of PSD-95.
Finally, we examined the effects of these PSD-95 mutations on

Fyn-mediated tyrosine phosphorylation of NR2A. The Da and
Db mutants, but not the DSG mutant, failed to promote
tyrosine phosphorylation of NR2A (Fig. 6D). These observa-
tions strongly support the idea that PSD-95 promotes Fyn-
mediated tyrosine phosphorylation of NR2A by inducing
physical interaction between Fyn and NR2A.

DISCUSSION

In this report, we show that Fyn significantly contributes to
tyrosine phosphorylation of NR2A and that PSD-95 promotes
Fyn-mediated tyrosine phosphorylation of NR2A by mediat-
ing formation of the complex of Fyn and NR2A.

We found that NR2A as well as NR2B (unpublished results)
are hypophosphorylated in fyn-mutant mice. The findings are
apparently contradictory to the previous report (18). The
contradiction might be explained by the differences in the
experimental conditions or circumstances for raising mice. It
should be noted that our observation is consistent with findings
that Fyn phosphorylates NR2A and NR2B in vitro (34).
Furthermore, we found that NR2A was tyrosine-phosphory-
lated in 293T cells when it was coexpressed with Fyn. These
observations suggest that Fyn is a major PTK responsible for
tyrosine phosphorylation of NMDA receptors. Tyrosine phos-
phorylation of NMDA receptors is enhanced during LTP or
taste learning (10–12). Adult mice lacking NR2A show defec-
tive LTP and impaired spatial memory (35). Therefore, al-
though the physiological roles of tyrosine phosphorylation of
NMDA receptors need to be uncovered, reduced tyrosine

FIG. 4. Association of Fyn with PSD-95 in mouse synaptosomes.
Synaptosomes from wild-type (wt) or fyn-mutant ( fyn) mice were lysed
in TNE buffer. The lysates were immunoprecipitated with goat
anti-NR2A, anti-Fyn, anti-Src, anti-Lyn, or anti-Yes antibody. These
antibodies were not crossreactive (data not shown). The immunopre-
cipitates (IP) and lysates were subjected to immunoblotting with
anti-PSD-95 antibody. All experiments were performed more than
three times. Positions and sizes (kDa) of standard protein markers are
indicated. The positions of PSD-95 are indicated by arrowheads.

FIG. 5. Involvement of the SH2 domain of Fyn in the interaction
with PSD-95. (A) Lysates from parental and PSD-95-expressing (1)
293T cells were incubated with MBPyFyn-SH3-SH2-linker (32L),
MBPyFyn-SH3 (3), MBPyFyn-SH2-linker (2mut), MBPyFyn wild-
type-SH2 (2wt), and MBPyFyn mutant-SH2 fusion protein immobi-
lized on amylose resin. Linker indicates the linker region of the SH2
and kinase domain of Fyn. The proteins bound to the fusion proteins
were subjected to immunoblotting (Blot) with anti-PSD-95 (a). The
sizes and purities of the fusion proteins were confirmed by Coomassie
brilliant blue R-250 staining. The amount of each standard protein was
1 mg (b). (B) 293T cells were transfected with combinations of
expression plasmids of PSD-95, Fyn, and its mutants. Fyn immuno-
precipitates (IP) were subjected to immunoblotting with anti-PSD-95
(a). The expression levels of PSD-95, Fyn, and its mutants were
confirmed by immunoblotting. KD, kinase-dead. mSH2, SH2 mutant.
All experiments were performed more than three times. Positions and
sizes (kDa) of standard protein markers are indicated. The positions
of PSD-95, Fyn, and its mutants are indicated by arrowheads.
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phosphorylation of NR2A and NR2B may partly explain the
defects in LTP and spatial learning in fyn-mutant mice (13).
Because Src and Fyn increase glutamate-activated currents in
NR1yNR2A, but not in NR1yNR2B channels (5), the roles of
tyrosine phosphorylation of NR2A may be different from
those of NR2B. It will be important to determine the tyrosine
residues phosphorylated by Fyn and other Src-family PTKs on
NR2A and NR2B and to characterize the effects of the
phosphorylation events on the properties of NMDA receptors.

Although PSD-95 associates with Fyn as well as other
members of the Src-family PTKs, Fyn significantly contributed
to tyrosine phosphorylation of NMDA receptors. This obser-
vation is consistent with the finding that fyn-, but not src- or
yes-, mutant mice show defects in NMDA receptor-dependent
LTP (13). The phenotypical differences in LTP and spatial
learning among these mutant mice would be primarily because
of the differences of the expression and activators of each PTK.

The SH2 domain of Fyn was responsible for its association
with PSD-95. SH2-dependent protein–protein interactions
usually involve protein–tyrosine phosphorylation (33). How-
ever, interaction of PSD-95 with the SH2 domain of Fyn did
not require tyrosine phosphorylation of PSD-95, as has been
observed in several other SH2-dependent protein–protein
interactions (36, 37). Indeed, tyrosine phosphorylation of
PSD-95 was undetectable in the brain (data not shown),
despite the fact that Fyn interacts with PSD-95 in the brain
lysates. Other SH2-containing signaling molecules might also
interact with PSD-95 in a phosphorylation-independent man-
ner and be recruited to postsynaptic densities.

The PSD-95 family is a group of recently identified ‘‘mo-
lecular scaffold’’ proteins (38) that interact with several mem-
brane and intracellular proteins including NMDA receptor
subunits and guanylate kinase-associated protein (23, 24,
39–45). The physiological significance of the PSD-95 family
has been demonstrated by genetic analyses of discs-large (dlg),
a Drosophila homolog of this family (46, 47). The binding of
Dlg to Shaker K1 channels was shown to be essential for their

in vivo coclustering at larval neuromuscular junctions (46).
Furthermore, in dlg mutant flies, the synaptic architecture was
found to be abnormally arranged (47). As we showed here,
association of Fyn with PSD-95 resulted in recruitment of Fyn
to NR2A and in enhanced tyrosine phosphorylation of NR2A
by Fyn. Therefore, PSD-95 (and possibly other family mem-
bers) could also function as an anchoring protein for Fyn and
other members of the Src-family in the synapse. Interestingly,
the proline-rich region of hDlg binds to the SH3 domain of Lck
in T cells, although the significance of this interaction is
unknown (48). Previous studies supported the biological im-
portance of kinase-anchoring proteins (49–51). For example,
Ste5 was shown to link physically multiple kinases in the MAP
kinase cascade required for mating in Saccharomyces cerevisiae
(49). A-kinase-anchoring proteins function as scaffold proteins
for protein kinase A and are essential for modulation of
a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acidy
kainate receptors by protein kinase A in hippocampal neurons
(50). More recently, Drosophila InaD was shown to be a
multivalent PDZ domain protein required for assembling
different components of the phototransduction cascade (51).
The biological role of PSD-95 as a kinase-anchoring protein
requires further clarification by experiments on primary neu-
rons.

Finally, the multiple neural defects in fyn-mutant mice have
indicated critical roles of Fyn in several signaling pathways in
the brain. Involvement of other Src-family PTKs in the brain
function has been also reported (6). Our results suggest that
proteins that bind to PSD-95 may be phosphorylated by Fyn
and other Src-family PTKs. To understand further the role of
Src-family PTKs in synaptic plasticity and brain functions, it is
important to characterize activators and substrates of these
PTKs at synapses.
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FIG. 6. Association of NR2A and Fyn with the distinct regions of PSD-95. (A) Schematic diagram of PSD-95 mutants. Residue numbers
correspond to those in the amino acid sequence of PSD-95. The mutant DSG carried a deletion of 313 carboxy-terminal amino acids that included
both the SH3 and guanylate kinase domains. The Da mutant lacked 201 amino acids including the PDZ1 and PDZ2 domains. The Db mutant carried
a deletion of 177 amino acids including the PDZ3 domain. wt, wild-type. (B and C) 293T cells were transfected with combinations of expression
plasmids of Fyn, PSD-95, or its mutants. Fyn immunoprecipitates (IP) were subjected to immunoblotting with anti-PSD-95 (a). The expression levels
of PSD-95, Fyn, and their mutants were confirmed by immunoblotting (b). All experiments were performed more than three times. (D) 293T cells
were transfected with combinations of expression plasmids of NR2A, FynY531F, PSD-95, and its mutants. NR2A immunoprecipitates were
subjected to immunoblotting with anti-PY antibody 4G10 (a). The filter used in a was reprobed with anti-NR2A. The doublet bands may be caused
by degradation of NR2A (b). The expression levels of FynY531F, PSD-95 and its mutants were confirmed by immunoblotting (c). The experiments
were performed more than six times. Positions and sizes (kDa) of standard protein markers are indicated. The positions of NR2A, PSD-95, Fyn,
and their mutants are indicated by arrowheads. The position of the heavy chain of anti-Fyn antibody is indicated by a dot in B.
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